Abstract The apple cultivar Honeycrisp exhibits genetic resistance to apple scab. The characterization of the macroscopic and microscopic responses on leaves infected by the pathogen Venturia inaequalis is described.
Introduction
The ascomycete Venturia inaequalis (Cke.) Want. is a plant pathogen of apple (Malus spp.) in production areas worldwide. The disease caused by the fungus, commonly known as apple scab, is evident on leaves and can negatively affect plant health, habit, and growth. More importantly, symptoms develop on fruit which render them unsalable to many fresh markets. In the orchard, the symptoms first develop in early spring from primary infections caused by ascospores that are released from pseudothecia in leaf litter. The first ascospore release often coincides with bud break when the host tissue is most vulnerable and the environmental conditions are highly favourable. The ascospores are moved into air currents during rain events. With appropriate weather conditions, the ascospores germinate on young leaves, penetrate the cuticle, and develop into subcuticular stromal that eventually produce conidiophores which rupture the cuticle. Mycelia, conidiophores, and asexual spores called conidia develop resulting in circular green to brown "scab" lesions on infected leaves. The conidia are capable of causing secondary infections on leaves and fruit, and are dispersed throughout the tree canopy through rain and water droplets.
Resistance breeding provides a preferred avenue to controlling the disease. To date, 17+ R genes mediating Malus-V. inaequalis interactions have been described (Gessler et al., 2006; Bus et al., 2011; Jha et al., 2009 ). These genes each impart pathogen race-specific resistance following the gene-for-gene model first described by Flor (1956) . The model defines the incompatible interaction in which the R locus is present in the host and the cognate Avr locus is present in the pathogen, resulting in a disease resistance phenotype in the host (Dangl and Jones, 2001 ). Vanderplank (1978) defined the model as a protein-for-protein interaction, which more accurately describes the interaction of the pathogen effector's AVR protein and the host R gene protein (s).
Resistant and susceptible plants are each capable of mounting a defence response, however, the lack of detection of the pathogen effector allows the fungus to colonize susceptible leaves and fruit (Boone, 1971) . The initial stages of infection starting with spore germination, appressoria development, penetration of the cuticle, and hyphal development are similar in resistant and susceptible cultivars (Nicholson, 1977; Komjanc et al., 1999) . The cuticle is not a barrier to the pathogen (Valsangiacomo and Gessler, 1988) . Any subsequent resistance reaction falls within a continuum from complete resistance [hypersensitive response (HR)] to complete susceptibility (sporulating lesions) depending on the resistance genes, pathogen race, and incubation conditions (Shay and Hough, 1952) . Ontogenic resistance in older leaves prevents infection in these tissues, and the development of stromal, colonization and sporulation are slowed in progressively older leaves, although spore germination and appressoria development occur at the same rate (Gessler and Stumm, 1984) .
The HR in apple is conditioned by several previously described R genes including Rvi4 (Vh4 = Vx = Vr1), Rvi5 (Vm), Rvi7 (Vfh), Rvi10 (Va), Rvi15 (Vr2) and Rvi16 (Vmis) (Win et al., 2003; Galli et al., 2010; Bus et al., 2011) . This "pin-point" reaction results from the rapid death and subsequent collapse of cells immediately surrounding the penetration site of the spore (Goodman and Novacky, 1994) . The HR is visible to the naked eye as small depressions on the leaf surface that extends from the upper to lower leaf surface and are visible on abaxial and adaxial surfaces (Nicholson et al., 1973) . The HR has been well characterized in fixed and cleared leaf tissue (Chevalier et al., 1991; Galli et al., 2010) . Although classically understood to be an immediate host response to pathogen attack, the HR observed in Malus-Venturia pathosystem has varied rates of reaction depending on the R gene present. Reaction times range from 2-11 days (Shay and Hough, 1952; Galli et al., 2010; Bowen et al., 2011) . The HR prevents colonization through programmed cell death (PCD) and may involve cell to cell signalling mediated in part by reactive oxygen species. Not all components of the PCD are known, but various phytoalexins and the accumulation and oxidation of other phenolic compounds (phloridzin and phloretin) have been implicated in the HR (Nicholson, 1977) .
Early studies of apple leaf and peel tissues to infection by V. inaequalis and Podosphaera leucotricha (powdery mildew) exhibited increased concentrations of fluorescent phenolic compounds as part of the host response in both resistant and susceptible interactions (Barnes and Williams, 1960) . Investigations of plantpathogen interactions in other pathosystems provide additional support that the phenolic compounds that auto-fluoresce under ultraviolet light provide a convenient research tool to document the presence of the HR (Heath et al., 1997) . HR also results in structural cellular changes including granulation of the cytoplasm (Nicholson, 1977) . The microscopic wound caused by PCD can leave the leaf vulnerable to other opportunistic secondary infections, and it is proposed that fluorescence may be due to the accumulation of rigid chemical compounds, such as phyotalexins (Vanderplank, 1982) . Lignification of cell walls also occurs in cells surrounding an infection site, reducing the risk of water loss and secondary infections (Holzapfel et al. 2012) .
In addition to the HR, other resistance phenotypes have been observed in the Malus-Venturia pathosystem. These include chlorosis (chlorotic flecking), stellate chlorosis, and stellate necrosis (Bowen et al., 2011) . Necrotic flecking is also observed in some reactions (Bénaouf and Parisi, 2000; Dunemann and Egerer, 2010) . Chevalier et al. (1991) , following earlier phenotypic scales for evaluating resistance (Shay and Hough, 1952) , developed a six point macroscopic scale to describe resistance induced by Rvi6 (Vf). The symptoms range from: no lesions (0), HR (1), chlorotic lesions (2), necrotic/chlorotic lesions with slight sporulation (3a-weak resistance), necrotic/chlorotic lesions with sporulation (3b-weak susceptibility), and lesions with high sporulation (4) (Chevalier et al. 1991 ). The differences observed in a progeny population among those containing the R gene is the result of isolate virulence and minor or modifying genes that are also segregating in the host population (Lamb and Hamilton, 1969; Williams and Kuc, 1969; Gessler, 1992; Gardiner et al., 1996) .
Recently, Berkett et al. (2009) identified resistance in the emerging apple cultivar 'Honeycrisp' grown under organic disease management, which findings led to the current microscopic and macroscopic investigation of the resistance reaction. Here we report on the resistance reaction in 'Honeycrisp' and its putative ancestors to inoculation with a mixed conidial suspension of Minnesota V. inaequalis isolates in a greenhouse environment. A subset of a seedling progeny population of 'Honeycrisp' × 'Twin Bee Gala' was also evaluated using single spore isolates in the greenhouse.
Materials and methods
Two key experiments were conducted to elucidate and describe the defence responses in 'Honeycrisp' and its relatives. In the first experiment, the resistance reaction in the 'Honeycrisp' pedigree, including one seedling offspring, 'Minneiska' were evaluated. Figure 1 displays the putative 'Honeycrisp' pedigree (Cabe et al., 2005) , including one progeny population ('Honeycrisp' × 'Twin Bee Gala'; n=125), and other individuals utilized in this study. Known R genes carried by these individuals are specified. Reference accessions screened in this study were 'Golden Delicious', 'Pristine', M . f l o r i b u n d a 8 2 1 , a n d ' B u d a g o v s k y 9 ' , 'Minnewashta' and 'Royal Gala'.
Experiment 1
The cultivars utilized in this study were grown on 'Budagovsky 9' rootstock and maintained in greenhouses at the University of Minnesota-Twin Cities Campus, St. Paul, MN. Single spore V. inaequalis isolates of unknown race (Table 1) (Parker et al., 1995; Barbara et al., 2008) . Isolates were tested separately for virulence and then bulked-up on susceptible young seedlings and stored on dried leaves at −20°C (Bus et al. 2005a, b) . A mixed inoculum was made with equal spore concentrations of each isolate in deionized water and diluted to 10 5 conidia ml −1
. A positive control consisted of a single spore isolate HC12a (10 5 conidia ml Individuals separate from the pedigree were included in the experiment for phenotypic observations (Pedigree constructed using Pedimap (Voorrips et al., 2012)) were harvested from this isolate directly from sporulating plates and not tested on seedlings.
Shoots with newly unfurled leaves (2-4 leaves) were inoculated by hand spraying until run-off with a conidial suspension of mixed V. inaequalis isolates. Plants had multiple stems and replicate trees were used, when available, for each inoculum treatment. Trees were placed into a dew chamber at 20°C with relative humidity near 100 % for 48 h to maintain leaf wetness. Following this infection period, trees were maintained in a greenhouse with intermittent mist to favour disease conditions (RH 80 %). Insect pests (thrips and spider mites) were controlled with applications of insecticides prior to inoculation. The two youngest leaves from day 0 were collected from each genotype at 1, 3, 5, 7, 8, 9, 10, and 14 days post inoculation (dpi) and microand macroscopic evaluations were conducted as described below. This experiment commenced on 21 April 2013 and was replicated on 02 June 2013. A third replicate was conducted on 13 April 2013 with a limited number of genotypes ('Frostbite', 'Northern Spy', 'Keepsake', 'Honeycrisp' and 'Minnewashta') to elicit and evaluate a response in 'Keepsake', which had been infected with other pathogens in replications 1 and 2.
Leaves were evaluated macroscopically for the presence of resistance reactions and/or evidence of mycelia or sporulation at each time point post inoculation. Leaves with evidence of insect feeding damage were not included in evaluations. Photographs of whole leaves were taken to document disease progression and resistance reactions. A binocular dissecting microscope was utilized to photograph macroscopic symptoms with increased magnification (Nikon SMZ800 with DS-2 camera and Digital Sight DS-L2; Nikon Instruments Inc., Melville, NY). Leaf samples were cleared and stained in 1.6 ml-microcentrifuge tubes following the protocol described by Galli et al. (2010) . Cleared leaf samples were stored and mounted in 50 % ethanol: 50 % lactic acid for observation under a light microscope and in the auto-fluorescence interference blue range using the UV lamp (420-490 nm excitation filter, dichroic mirror 510 nm, barrier filter 515 nm (Ernst Leitz Wetzlar 307-143.004 microscope; Ernst Leitz Wetzlar GmbH, Germany). Photographs were obtained using a SPOT Insight 4 camera and accompanying SPOTBasic software (SPOT Imaging Solution, Sterling Heights, MI). Photographs were compiled and scale bars inserted in ImageJ software (Schneider et al., 2012) .
Experiment 2
A seedling mapping population (AE1022, n=121) from a cross of 'Honeycrisp' × 'Twin Bee Gala' was evaluated for macroscopic resistance reactions (pedigree shown in Fig. 1 ). Seedling trees were inoculated with a single-spore conidial suspension (7.5 × 10 5 conidia/ml) by hand spraying until leaf wetness resulting in run-off with single spore isolates GR19142b and 1914D (Table 1) . Trees were placed into a dew chamber at 20°C with relative humidity near 100 % for 48 h to maintain leaf wetness. Following this infection period, trees were maintained in a greenhouse with intermittent mist to favour disease conditions (RH~80 %). After 10-14 days, symptoms were assessed using a 6 point scale: (0), HR (1) chlorotic lesions (2), necrotic/chlorotic lesions with slight sporulation (3a-weak resistance), necrotic/chlorotic lesions with sporulation (3b-weak susceptibility), and lesions with high sporulation (4) (Chevalier et al. 1991) . Data were collected on the segregation of the symptom classes and segregation ratios were calculated for the population. Whole leaf photographs were taken from a subset of the progeny selected for their distinct resistance reaction to document the range of resistance reactions observed. 
Results

Experiment 1
Microscopic observations of leaves at 1-5 dpi showed the presence of conidia from the inoculum on the leaf surfaces, including the development of the germ tubes and appressoria in both compatible and incompatible reactions in inoculations from the mixed isolate suspension only. Macroscopic observations yielded no signs or symptoms of the pathogen until 7-8 dpi when scab lesions were detected on compatible host plants and a resistance reaction was evident on some incompatible host plants. Table 2 describes the reaction for each of the cultivars in the study. There was no evidence of germination or infection in the control inoculation with the single-spore isolate HC12a throughout the experiment despite the confirmed microscopic presence of conidia. The lack of pathogenicity may be due to changes which occur in the pathogen while in culture (Nusbaum and Keitt, 1938) , or alternatively, the HC12a conidia may have been dead. 'Keepsake", the putative 'Honeycrisp' parent, was infected with powdery mildew in the first replication of Experiment 1, which made it difficult to distinguish resistance reactions specifically from V. inaequalis. The second replication of the experiment resulted in numerous older leaves showing symptoms of bacterial infection in that cultivar. Leaves for observation in replication 2 were chosen based on limited or no bacterial lesions on that shoot or specific leaf. In the second and third replications, ' H o n ey c r i s p ' a n d it s a n c e s t o r s ( i n c l u d i n g 'Keepsake') all displayed resistance reactions.
The macroscopic resistance reactions observed on 'Honeycrisp', 'Keepsake', 'Frostbite' and 'Northern Spy' were characterized as 2-3a (chlorotic flecking, stellate chlorosis, slight sporulation) as early as 7 dpi in the second replication of the experiment and 8 dpi in the first replication. Visible browning, an indication of possible necrosis of leaf tissue was apparent after 10 dpi in 'Honeycrisp' and increased by 14 dpi. The 'Northern Spy' reaction had evidence of stellate necrosis (SN) at 7 dpi, although not as pronounced as in other SN reactions, such as those attributed to Rvi8 (Vh8) (Bus et al., 2005a) . The susceptible cultivars Gala, Minnewashta, and Minneiska showed no resistance reaction, only sporulating lesions. At 1-5 dpi, no auto-fluorescence was observed under ultraviolet light, even at the fungal penetration site. The susceptible reaction on 'Royal Gala' was primarily on the abaxial leaf surface. Figure 2 shows representative resistant (A-H) and susceptible (I-J) reactions of leaf tissue to the presence of the pathogen at several time points under brightfield and auto-fluorescence blue microscopy. At 10 dpi, small brown areas, presumably necrosis of the epidermal cells, were observed in bright-field observations of the resistance reactions. In a few localized lesions, extensive sporulation was also visible on 'Honeycrisp' under the dissecting microscope and in the cleared tissues at higher magnification (Figs. 3A, B; Fig. 4B ).
As early as 7 dpi and continuing through 14 dpi, the 'Honeycrisp', 'Keepsake', 'Frostbite' and 'Northern Spy' resistance reactions varied in size and shape, and were distinguished by auto-fluorescence primarily of epidermal cells surrounding the penetration site. Autofluorescence in the resistance reactions was independent from fluorescence in vascular tissue and cell walls normally produced by the plant. The reactions in 'Keepsake', 'Frostbite' and 'Northern Spy' were similar, consisting of browning of epidermal and mesophyll cells along the infection zone with stellate mycelial growth extending beyond the visible resistance reaction. Similar resistance responses were observed macro-and microscopically, except for 'Honeycrisp'. In the autof l u o r e s c e n c e o b s e r v a t i o n s ( F i g . 5 ) , t h e 'Honeycrisp' resistance reactions were generally circular, with some evidence of necrotic tissue or browning of cells but not as extensive as typically observed in the classical HR. In addition to responses that completely restricted fungal invasion, there was evidence of some conidia establishing an infection site leading to sporulation. In cases where sporulation was visible 14 dpi on 'Honeycrisp' leaves, auto-fluorescence was also detected (Figs. 3A, E) . In addition to lesions caused by conidia, mycelia from the spore suspension were also observed to cause resistance reactions in the incompatible genotypes. In numerous observations on two fungal isolates derived from 'Minneiska', the 'Honeycrisp' × 'Twin Bee Gala' progeny population demonstrated a range of resistance reactions along the six point scale (Chevalier et al., 1991) . Fig. 6 show examples from a subset of resistance and susceptible phenotypes. The segregation of the symptom classes is shown in Table 3 . The classic HR response was not observed in any of the progeny. Class 0 (no reaction) was common, even when individuals were screened numerous times with the same isolate to capture potential 'escapes' from the screening protocol. Stellate chlorosis and SN were observed in some of the progeny. The progeny population did not significantly differ from R:S=1:1 segregation when class 3b was considered susceptible and 3 resistant : 1 susceptible when class 3b was considered as resistant.
Discussion
The visible resistance reactions observed in 'Honeycrisp' appear approximately 7 dpi, at about the same time that susceptible reactions appear macroscopically. Up to that point, there are no observable macroscopic differences between compatible and incompatible reactions. From 1-5 dpi, germinating conidia and the development of appressoria were observed microscopically. In contrast to observations of Galli 2010), in our study there was no evidence of autofluorescence directly at the infection site or along subcuticular mycelium in either reaction type before 7 dpi. The mixed inoculum was effective in eliciting compatible and incompatible reactions, which resulted in several resistance classes in 'Honeycrisp', including 2-3a with chlorotic flecking, stellate chlorosis and necrotic flecking, to 3b with sporulation. These resistance reactions were also present in the ancestors and offspring. Stellate necrosis was present in 'Northern Spy' and in several of the 'Honeycrisp' × 'Twin Bee Gala' offspring. Resistance reactions were generally limited to the adaxial surface. In compatible reactions, sporulation was occasionally observed on the abaxial surface. What appeared to be necrotic flecking macroscopically was evidenced by browning and possible cell death of epidermal cells. The outer edges of epidermal cells and some mesophyll cells exhibited fluorescence, a key indicator of a defence response (Bus et al., 2005a) .
The growth of subcuticular mycelia in incompatible reactions on 'Honeycrisp' was generally constrained to a circular resistance response. However, incompatible sporulating lesions (3b) and compatible (4) reactions were also observed. The reactions on 'Keepsake', 'Northern Spy' and 'Frostbite' exhibited stellate hyphal growth of the pathogen with corresponding resistance reactions along the growth front. The 'Honeycrisp' × 'Twin Bee Gala' progeny population segregated along the compatible-incompatible spectrum, except that no macroscopic class 1 HR was observed. The interaction also required more time before macroscopic reactions were evident. This could be due to the different single spore isolates utilized as well as differences in greenhouse conditions between experiments.
Mixed inoculum was utilized to elucidate the resistance response, as to date there is no information about which of the physiologic scab race (s) are capable of causing infection in 'Honeycrisp'. This mixture was derived from a suspension of several single-spore isolates from varied host genotypes, which had been bulked-up on whole plants, from which leaves were stored at -20ºC. These isolates had demonstrated efficacy in inciting infections and resistance reactions. To date, these isolates have not been assigned to physiologic races, limiting interpretation of the resulting incompatible plant-pathogen interactions within the GfG (or genes) model. Although derived from a 'Honeycrisp' fruit lesion, the positive control isolate HC12a was not capable of inciting a compatible or incompatible reaction. Spores were present 1-3 dpi, but failed to germinate or develop appressoria, which suggests they may have been dead. The single spore isolate suspension was produced in axenic culture and had not been tested previously for its ability to cause infection.
The distinctly different resistance reactions in the 'Honeycrisp' ancestors ('Frostbite' 2-3a, 'Northern Spy' 2-3 with SN) and a 3:1 segregation ratio in the progeny population provides evidence for the possibility of two different major R genes inherited in 'Honeycrisp'. However, mapping experiments will be needed to test the hypothesis and trace the inheritance. In addition to different reaction types due to race specificity, other genetic factors within 'Honeycrisp' may be contributing to the range of resistance reactions observed in 'Honeycrisp' × 'Twin Bee Gala' progeny population. Macroscopic resistance reactions were difficult to categorize in some seedlings, whereas others exhibited clear, classic responses as described by Aldwinckle et al. (1976) . The designation of reaction phenotypes into intermediate classes from 3a to 3b to 4 macroscopically was difficult in seedlings. The class 0 reactions observed in the progeny may in fact be microscopic HR that affects a single or a very limited number of cells. Additional microscopic observations of the resistance reactions in the progeny population may provide better quantification of this trait. While such microscopic observations are labour intensive, the effort would be worthwhile for determining segregation of phenotypes in progeny populations for genetic mapping, but not for routine screening of seedling population. Alternatively, a recent report demonstrates the effectiveness of quantitative realtime polymerase chain reaction for detecting and quantifying the pathogen on leaf material and may serve as high-throughput tool for screening progeny (Gusberti et al., 2012) . The classification of 'Honeycrisp' and its ancestors and progeny into several resistance classes is similar to the diverse responses observed in Rvi6, Rvi11 and Rvi12, which also range from 0 to 3b (Table 2 ). The lack of a HR as typical of resistance conditioned by Rvi4, Rvi5, and Rvi7 provides evidence that the resistance genes in 'Honeycrisp' are possibly unique. The time course from inoculation to the observation of macro-and microscopic reactions was also not as fast as the classic HR response, but was similar to reactions observed with Rvi15 inducing HR, which becomes visible at 7 dpi (Galli et al., 2010) . In the Rvi15 resistance, fluorescence is limited to the browning epidermal and mesophyll cells that constitute the HR reaction (Galli et al., 2010) . Stellate necrosis is associated with Rvi2-and Rvi9-mediated resistance, and was first documented as an intermediate reaction by Shay and Hough (1952) at 4-6 dpi (Bus et al., 2005a) . The stellate necrotic reaction observed in this experiment became visible after 7 dpi. The radial growth pattern of the pathogen was very apparent, as well as the resistance response along the lesion edge which included necrosis and fluorescence (Figs. 3B, E) .
The range of resistance reactions, including sporulating lesions, on 'Honeycrisp' from a mixture of single spore isolates, highlights the importance of considering R genes within the GfG model. Furthermore, a single R gene cannot be considered a "silver bullet" providing permanent, i.e. durable, host immunity as the pathogen population is under selection pressure to evolve and circumvent host resistance. Consequently, the different isolates utilized in the experiments led to a range of defense responses within the same host. The 'Honeycrisp' resistance reaction is not a classic HR nor is there strong evidence for cell death beyond browning of epidermal cells in some reactions. These experiments support the model that resistance reactions are induced after penetration of the cuticle as the 'Honeycrisp' defence response initiated by the recognition of the pathogen effectors (AVR proteins) occurs 7 dpi well after the development of the fungal germ tube and appressorium. The variation in responses observed across the progeny population is evidence for minor genes or QTL that determine the resistant phenotype. These genes may result in different recognition mechanisms, recognition of non-specific elicitors, have altered signalling pathways or other genetic differences that alter the efficacy of pathogen recognition or the downstream response pathways (Heath, 2000) . Signal molecules that may play a role include salicylic acid, jasmonic acid, reactive oxygen species, and nitric oxide (Richberg et al., 1998) . The LRPKm1 gene in apple is involved in either detecting pathogen effectors or a plant signal that is the response of the defence cascade (Komjanc et al., 1999) . Defence responses are more well-defined in model species like Arabidopsis thaliana (Glazebrook, 2001) , in which the defence cascade and pathogen-induced gene regulation have been studied in gene expression experiments (Glazebrook et al., 2003) . Resistant and susceptible apple cultivars have been shown to have differential gene expression when inoculated with V. inaequalis (Holzapfel et al. 2012) . In infected apple leaves, the increased transcripts related to reactive oxygen species and oxidative burst are often implicated in PCD (Paris et al., 2009) .
In addition to PCD, plants may inhibit the pathogen directly to prevent colonization. Pathogenesis related (PR) proteins, including chitinase, β-1,3-glucanase and cysteine-like protease, are similarly deployed in response to attack by V. inaequalis as well as P. leucotricha (powdery mildew; Gau et al., 2004) . The resistant cultivar Remo demonstrated constitutive production of PR proteins in its leaves that were also detected in the susceptible cultivar Elstar only after it was inoculated with P. leucotricha and V. inaequalis (Gau et al., 2004) .
Auto-fluorescence under ultraviolet light has been used in several studies of the Malus-Venturia pathosystem to describe the incompatible reaction (Win et al., 2003; Bus et al., 2005a Bus et al., , 2010 Galli et al., 2010) . Despite the clear visual clues provided by auto-fluorescence, little is known about the compounds involved in the resistance response. Fluorescent compounds often have rigid structures common to phenolic compounds involved in defence responses (Nicholson and Hammerschmidt, 1992; Davidson, 1996) . Auto-fluorescence has been observed in other pathosystems and has been attributed to phytoalexin, amino acids, flavonoids, callose, and phenolic acids (Nicholson, 1977; Nicholson and Hammerschmidt, 1992; Dai et al., 1996; Jeun and Lee, 2005) . In lettuce leaves infected with downy mildew, auto-fluorescence was attributed to the accumulation of ester-linked syringaldehyde and caffeic acid on plant cell walls, as well as the release of preformed phenolics from the vacuole in the HR (Bennett et al., 1996) . Peroxidase plays a role in cell autofluorescence and browning that accompany HR as the result of oxidation of phenolic materials (Heath, 1998) .
R proteins are defined as those involved in the recognition of the AVR signals (effectors) that activate the downstream responses through a signal cascade, which are distinct from the R protein itself. Variations in the expression of these genes may be expressed in variable resistance responses, and hence may explain the range of resistance symptoms observed in e.g. Rvi6 (Vf) as well as 'Honeycrisp' progeny populations. This agrees with Gardiner et al. (1996) , who rejected the hypothesis that the range in Rvi6 phenotypes was a result of the loss of closely linked R genes as large portions of the donor genome (M. floribunda 821) were still intact around the locus after several generations of introgression into breeding lines. "Modifying genes" may also cause variations in the resistance expression of broad spectrum resistance loci to the extent that they are assigned to different resistance classes for a given R gene that is observed in a progeny population (Chevalier et al. 1991; Durel et al., 2004) . The R:S=3:1 segregation ratio in the AE1022 population supports a model for two independent resistance genes being inherited from 'Honeycrisp'. Differences among individuals in the AE1022 population and in differential interactions within 'Honeycrisp' can be attributed to the monitoring of different effector proteins in the host by each R gene. Additional research will be required to elucidate the GfG interactions involved with these novel resistance genes.
Micro-and macroscopic characterization of the 'Honeycrisp' resistance reaction provides information for apple breeders and plant pathologists. This study demonstrated the cellular response in 'Honeycrisp' and its ancestors, and provides additional support for the presence of two underlying R genes, although it is unclear if these are contributed by 'Northern Spy' and/ or 'Frostbite'. The deployment of 'Honeycrisp' and its R genes may impact on the pathotype composition of pathogen populations in orchards. By documenting the resistance reaction in 'Honeycrisp', attempts can be made to monitor the development of virulent pathogens in 'Honeycrisp' orchards and the breakdown of resistance over time as evidenced by the gradual reduction in the intensity of the resistance response. The next step will be to include 'Honeycrisp' and its ancestors in the differential host set used for the worldwide monitoring of V. inaequalis pathotypes in trap orchards (Patocchi et al., 2009; www.vinquest.ch) for the identification in order to assess the potential of these resistance sources in cultivar breeding. The introgression of the 'Honeycrisp' R genes into new cultivars will require screening of seedling progenies with molecular markers to capitalize efficiently on the combinations of major and minor effect genes that impart the greatest levels of resistance that also is durable. Research on the mapping of the scab resistance of 'Honeycrisp' is in progress. The differential hosts will also be instrumental in confirming the GfG relationship between the complementary effector gene in the pathogen and the resistance gene in the host.
